Nanocomposites with high volume fractions (15-50 vol%) of nanofibrillated cellulose (NFC) were prepared by impregnation of a wet porous NFC network with acetone/epoxy/amine solution. Infrared spectroscopy studies revealed a significant increase in curing rate of epoxy (EP) in the presence of NFC. The NFC provided extremely efficient reinforcement (at 15 vol%: 3-fold increase in stiffness and strength to 5.9 GPa and 109 MPa, respectively), and ductility was preserved. Besides, the glass transition temperature increased with increasing NFC content (from 68°C in neat epoxy to 86°C in 50 vol% composite). Most interestingly, the moisture sorption values were low and even comparable to neat epoxy for the 15 vol% NFC/EP. This material did not change mechanical properties at increased relative humidity (90% RH). Thus, NFC/EP provides a unique combination of high strength, modulus, ductility, and moisture stability for a cellulose-based biocomposite. Effects from nanostructural and interfacial tailoring are discussed.
Introduction
Polymer matrix biocomposites based on plant fibers are used in numerous applications including automotive, construction and furniture. There is strong industrial interest in biocomposites [1] and one reason is the renewable resource origin of the plant fibers (e.g. wood, hemp, flax, sisal, and kenaf). In the cell wall of plant fibers, cellulose fibrils provide reinforcement to a hydrated amorphous blend of hemicelluloses and lignin. Because of the properties and orientation of cellulose fibrils, flax and hemp fibers may have a modulus around 70 GPa (similar to glass fiber) and a single fiber strength reaching 900 MPa [2] . However, the industrial molding process often results in biocomposite microstructures with plant fibers in random-in-the-plane orientation. As a consequence, the corresponding mechanical properties have some limitations. For hemp fiber/epoxy biocomposites, a tensile strength limited to 60 MPa is reported at a fiber content of 40 wt% oriented randomin-the-plane [3] . Low strain to failure (brittleness) and moisture sensitivity is apparent in biocomposites based on bleached esparto grass pulp fibers and epoxy [4] . The moisture sensitivity was interpreted as a loss of fiber/matrix interfacial adhesion.
In order to further explore the potential for biocomposites with better mechanical performance and stability in moist environments, nanocellulose reinforcements are of interest. There are many reviews on nanocellulose, and several are strong on materials aspects [5] [6] [7] [8] [9] .
An important distinction is between acid-hydrolyzed rod-like whiskers (CNC, cellulose nanocrystals) and NFC (nanofibrillated cellulose). NFC tends to have high aspect ratio and is more flexible and prone to formation of physical entanglements. The dimensions and characteristics of CNC or NFC depend not only on the biological origin but also on the disintegration procedure. NFC forms network structures with very interesting mechanical behavior such as substantial plastic deformation and high strength [10] . Also, woodbased NFC can be prepared in a cost-effective way by enzymatic pretreatment of wood pulp [11] and has the potential for largescale industrial use.
The first efforts to make polymer matrix biocomposites from high volume fractions of wood-based NFC and cross-linked polymer matrices resulted in brittle materials [12] [13] [14] . A reacting polymer matrix was then used in a new processing concept and tailored to bind covalently to the surface hydroxyls of NFC used at high volume fractions [15] . Very strong increase in polymer matrix T g (glass tran- chemical network of the polymer matrix was strongly influenced by the presence of NFC. Nanocomposites based on NFC and ductile polymers (plasticized starch or hydroxy ethyl cellulose) could combine modulus and strength with high ductility (high strain to failure) [16] [17] [18] . Studies on neat NFC nanopaper networks and aerogels demonstrated the importance of high specific surface area of the NFC network [19, 20] .
For advanced fiber composites, epoxy resins are preferred polymer matrices for high-performance applications. One reason is the favorable combination of processing characteristics and properties in the glassy state. Lu et al. dispersed nanocellulose fibrils modified by silane and titanate coupling agents in acetone and cast. At 5 wt% of nanocellulose, the storage modulus at 30°C increased from 2.59 GPa to 3.45 GPa [21] . Tang and Weder avoided coupling agents and used a different preparation procedure. Unmodified cellulose whiskers of high aspect ratio were dispersed in DMF by either freeze-drying or solvent exchange procedures. Epoxide and amine components were added, and films were cast and dried, followed by elevated temperature curing. The neat epoxy (EP) had a storage modulus of 1.6 GPa at 30°C, and the highest modulus reported was 5.7 GPa obtained at 20 vol% of tunicate whiskers [22] . Omrani et al. discuss effects from the cellulose on curing behavior and properties, but conclude that 0.5 phr nanocellulose is the optimum content [23] . Kuo et al. studied the curing rate of epoxies and observed a decrease in activation energy when the epoxides were cured in the presence of NFC [24] . Shibata and Nakai dispersed water-soluble components with nanocellulose, then freeze-dried the suspension and cured at elevated temperature. The EP modulus increased from 1.7 GPa to 2.6 GPa at 15 wt% nanocellulose content. The tensile strength increased from 60 MPa to about 80 MPa at 10 wt% nanocellulose [25] . Shimazaki et al. made NFC nanopaper by vacuum filtration and then impregnated by an epoxy system in liquid state and cured at elevated temperature [26] . They reported on optical transparency, high thermal conductivity and low thermal expansion. Al Turaif [27] , Masoodi et al. [28] and Xu et al. [54] also report on epoxy nanocomposites with low nanocellulose content.
In the present study, we aim for much higher mechanical performance in the glassy state compared with the earlier studies, through preparation of high nanocellulose content biocomposites from well-dispersed NFC nanofibers in EP matrix. Nanofiber agglomeration is an important reason for the difficulties to obtain high strength in carbon nanotube composites [29, 30] . The present nanofiber network is, therefore, prepared by filtration from a dilute NFC water suspension. We then use solvent exchange to acetone in an attempt to preserve a structure of individual nanofibers. Epoxy components are added and allowed to diffuse into the network structure. Then the pre-impregnated NFC/EP prepreg is dried, and subsequently cured. This allows for very high NFC content in the final composite. Effects from NFC content on the curing performance, nanostructure and the hydromechanical properties are analyzed, with a focus on ductility and moisture stability.
Experimental

Epoxy/amine thermoset resin
The epoxy was monomeric Bisphenol A Diglycidyl Ether (abbreviated as DGEBA) purchased from TCI chemicals. The monomer had a molecular weight of 340.41 g/mol (C 21 H 24 O 4 ) and an epoxy equivalent of 170 g/eq. Jeffamine D-400 polyetheramine (abbreviated as PEA) was provided by Huntsman, USA. PEA has a molecular weight of 400 g/mol and amine hydrogen equivalent weight (AHEW) of 115 g/eq. The structure of the monomers is shown in Fig. 1 .
Nanofibrillated cellulose (NFC)
The NFC was prepared from never-dried commercial pulp (13.8% hemicelluloses, 0.7% lignin, Nordic Paper, Sweden) according to Henriksson et al. [11] The process included enzymatic (Novozym Ò 476) pre-treatment of the pulp followed by 8 passes through a microfluidizer (maximum pressure 1100 bar, Microfluidics Inc., USA). The NFC prepared by this method typically has a diameter between 4 and 10 nm and length up to several micrometers [5] , giving an aspect ratio >100. After the treatments, NFC was obtained as a gel-like substance with 2% dry weight content.
Preparation of NFC/EP prepregs and curing
The gel like suspension of NFC was diluted to 0.2% concentration and subjected to mechanical stirring in an Ultraturrax (model D125 Basic, IKA, Germany) for 10 min followed by degassing for 30 min under vacuum. The suspension was filtered over vacuum using a 0.6 lm pore size membrane (Millipore, USA). The obtained network contained ca. 80-85 wt% water. The water in the NFC network was then exchanged to acetone by placing the network in an acetone bath, changing the acetone 4 times at intervals of 3-4 h.
The impregnating solution was prepared by mixing DGEBA and amine (PEA) in acetone in a predetermined ratio. A series of composites, each with different PEA/DGEBA ratio and NFC content were prepared using different mixtures. Table 1 summarizes the optimized formulations used in the preparation of the composites for detailed characterization. The wet NFC network (from acetone) was soaked in the EP-acetone solution and left overnight. The prepreg was then removed from the epoxy-acetone bath and kept at room temperature to allow the acetone to evaporate. Curing of the prepreg was done at 80°C for 3 h followed by post curing at 120°C for 2 h. Fig. 2 summarizes the overall preparation process. To prepare the neat NFC sheet, the wet NFC nanopaper was dried between filter papers at 95°C for 15 min, in vacuum.
The wt% NFC of the final composite was determined based on the initial dry weight of NFC in the template and the final weight of the dried composite. The NFC content was converted from wt% to vol% (Eqs. (A1)-(A3) in Appendix). Unless mentioned otherwise, vol% is used in this article when referring to NFC content in composites.
Time-resolved Fourier Transform Infrared Spectroscopy (RT-FTIR)
Attenuated total reflection (ATR) FTIR analysis was performed on a Perkin Elmer spectrum 2000 using a triglycine sulfate (TGS) detector. The FTIR instrument was equipped with a heat-controlled Golden Gate single reflection diamond ATR-accessory from Graseby Specac Ltd. The ATR measurement uses a single reflection diamond crystal and has a sampling depth in the micron range. The samples used are considered to be homogeneous in this measurement range. The spectra were collected in the range of 4000-600 cm
À1
. Composites samples with 30 vol% NFC samples were prepared as reported earlier, but only dried for 30 min at ambient temperature before analysis. The samples were then placed on the preheated ATR-crystal and the measurements directly started. Spectra were continuously recorded for 60 min at the set temperature using TimeBaseÓ software from Perkin Elmer. For the present DGEBA precursor, the oxirane peak was identified at 915 cm À1 with a slight shoulder at 910 cm
. The disappearance of the oxirane peak was used as a measure of the rate of reaction. The benzene ring in the DGEBA monomer does not participates in the reaction and has a unique absorption peak at 1582 cm À1 allowing an internal standard for the reaction to be established [31] . The obtained data were processed using the TimeBase software to determine the evolution of the peaks at 915 and 1582 cm À1 over time. The small peak (not structurally assigned) at 910 cm À1 overlapping the large epoxy peak induces a small error in the analysis since this peak will remain in the cured system and be accounted as an epoxide. The calculated conversions are therefore slightly underestimated. This error is systematic, hence a comparative analysis between the curves is still valid. The baseline was set between 880 and 925 cm À1 for the oxirane peak and 1560 and 1640 cm À1 for the benzene ring respectively. It was assumed that the reactions did not affect benzene ring vibrations, which thus could be used as an internal standard. Degree of conversion was calculated according to the equation
where a t is the conversion at any given time 't'; H 915 , H 1582 the height of the peak at wavenumber 915 and 1582 cm À1 respectively; H t the height of the peak at a given time 't'; and H t0 is the height of the peak at time 't = 0'.
Tensile testing
The mechanical properties of materials were measured on Instron 5944 instrument equipped with a 500 N load cell. The samples were conditioned at 23°C and 50% Relative Humidity (RH) for 2 days prior to testing. Rectangular samples (35 mm Â 5 mm) of uniform thickness were tested at a strain rate of 10%/min. To measure the strain accurately, 2D Differential Speckle Photography (DSP) was used. White paint was sprayed on the samples which resulted in a very fine pattern. Correlation was done with a LIMESS software. To study behavior in moist conditions, similar procedure was followed after conditioning the samples at RH 90% and 23°C. The values reported here are averaged over a minimum of 5 samples.
Yield stress for the composite materials was calculated from the intersection of the tangents at the initial elastic region and the following plastic region; for the neat EP, a line parallel to the elastic region at an offset of 0.2% was drawn and its intersection with the curve taken as yield stress.
Dynamic Mechanical Thermal Analysis (DMTA)
DMTA testing was done on a TA instrument Q800 in tensile mode. Sample size was 3 mm by 10 mm. Measurements were taken at a frequency of 1 Hz and amplitude of 10 lm. Temperature scan was done in the range of 30-150°C at a rate of 5°C/min. The glass transition temperature was estimated from the position of the tan d peak.
Moisture sorption
To measure the moisture content at different relative humidity (RH), a Dynamic Vapor Sorption (DVS) system from Surface Measurement Systems was used. The samples were first dried within the instrument and the RH was then increased from dry state to 80% in steps of 20% and finally to 90%. The weight of the samples was taken at respective humidities after they were found to be in steady-state conditions, which typically took 1-2 days. The moisture content was calculated as weight percent based on the weight of the sample in dry state.
Electron microscopy
To study the microstructure, the fracture surfaces from tensile tests were observed in a Field-Emission Scanning Electron Microscope (SEM) (Hitachi S-4800, Japan) after sputtering the surface with a few nanometer-thin gold-palladium layer.
Ultrathin sections of about 40 nm in thickness were prepared in order to analyze the nanofibril dispersion by Transmission Electron Microscopy (TEM) (FEI Tecnai Spirit, USA). The nanocomposite films were embedded in epoxy resin and sectioned at room temperature using an ultra-microtome (Leica EM UC7, Germany) equipped with a diamond knife (Diatome, Switzerland). The sections were collected on TEM copper grids (PELCO Ò 1GC400, Ted Pella, USA) and stained for 3 h in RuO 4 vapor, prepared by reacting 2 g of RuCl 3 ÁxH 2 O (Sigma-Aldrich) with 10 ml of aqueous sodium hypochlorite (10-15% chlorine content). The RuO 4 preferentially stained the epoxy matrix, while the crystalline regions of the NFC, remained unstained and relatively electron transparent, so that they appeared lighter than the matrix in the TEM micrographs. For better visibility, the negatives of these micrographs are shown in this article (so that the NFC appears dark).
Results and discussion
Processing concept for nanostructured NFC/EP biocomposite prepregs
Prepregs based on NFC nanopaper and epoxy resins, were prepared using a solvent exchange/impregnation process. Solvent exchange from water to acetone was performed to preserve the open nanofiber network structure in the wet cake formed after filtration, see Fig. 2 . The preparation then involves impregnation of the porous and nanofibrous ''nanopaper'' structure by epoxide (DGEBA) and amine (PEA) precursors dissolved in acetone. The acetone was evaporated and the preimpregnated NFC/EP structure was cured at elevated temperature. This concept is similar to commercial production of carbon fiber/epoxy (CF/EP) prepregs, although CF/EP prepregs are made in a continuous process. In our work, the prepregs were not sticky even at 85 vol% epoxy after drying. Other reported approaches to prepare polymer matrix nanocellulose films include drying of nanopaper structures from water followed by acrylic or epoxide monomer impregnation and UV-curing [32, 33] . Also, solvent exchange of cellulose whisker gels was combined with impregnation by a polymer solution to prepare thermoplastic nanocomposites [34] . In a previous study, we exchanged the water in wet NFC filter cakes by methanol, followed by monomer impregnation, solvent evaporation and curing [15] . A similar impregnation approach of carbon nanotube (CNT) sponge with epoxy resin resulted in isotropically conductive nanocomposites due to the preformed CNT network [35] .
Optimization of the PEA/DGEBA stoichiometry
The initial PEA/DGEBA ratio was selected based on the ratio providing maximum T g of the neat EP resin, corresponding to a fully cured epoxy/amine network. Interestingly, as the initial NFC/EP composites were prepared, we discovered an anomalous and very ductile mechanical behavior. The epoxy T g in the NFC/EP composites was determined, and T g was much lower compared with the neat EP. Similar drops in T g were reported for silane treated and untreated NFC/EP systems [21] and ramie fiber/EP systems [36] , although the phenomenon was not further analyzed. A possible explanation could be the presence of unreacted amines or epoxides, lowering the average cross-link density. To clarify this, an extended study was performed where T g of the composites, prepared with varying PEA/DGEBA ratios for each NFC content was evaluated. The results, presented in Fig. 3a as T g versus PEA/DGEBA ratio, show a strong shift in optimum PEA/DGEBA ratio (corresponding to maximum T g ) as the volume fraction of NFC is increased. The required amount of amine to provide a fully cured epoxy/amine network is decreased with increased NFC content. FT-IR spectra of cured NFC/EP confirmed that all detectable epoxides of the DGEBA were consumed in optimized compositions, despite strongly reduced amine content. In the present study, composites with optimized amine content were studied.
The most plausible explanation for decreased amine stoichiometry, is that the epoxides react with surface hydroxyls of the NFC and form covalent linkages between the NFC surface and the epoxy/amine network. Homopolymerization of the DGEBA cannot be ruled out but the samples with strong excess of epoxy resulted in lower T g . This indicates that DGEBA homopolymerization reactions (if any) are very limited. In their work in 1984, Varma et al. concluded that cellulose molecules can form a part of the epoxy network in the presence of tertiary amine [37] . It has also been reported that amines can catalyze the reaction between cellulose and epoxides although little details were given on the structures formed [38] . Rowell et al. interpreted the reaction of wood with monomeric epoxies in terms of dimensional stability [39] .
In addition, there is a significant increase in T g of the NFC/EP compared with the neat EP case (from 68°C for neat epoxy to 86°C for 50% NFC/EP, see Fig. 3b ). The increase in T g of the EP for increased NFC content can be explained by: an increased proportion of the aromatic DGEBA component, and constrained mobility of the cured EP matrix located close to the NFC surface as discussed by Henriksson et al. [15] for a different crosslinked system. It has also been observed that amine-functionalized nanodiamond causes significant increase in the T g of epoxy, since the nanodiamond particles become covalently linked to the epoxy network through epoxideamine reactions [40] . In the present composite we instead utilize the intrinsic hydroxyls at the nanocellulose surface.
Effect of NFC on cure kinetics of PEA/DGEBA
The proposed reaction between the cellulose hydroxyls and the epoxy should also affect the cure kinetics of the system. A study on the curing rate for the different systems was thus performed using time-resolved FTIR analysis. Analysis of the more complex DGEBA-PEA-NFC system, is not straight-forward since almost all new bonds/groups formed after the curing reaction are already present. For this reason, no direct spectroscopic evidence of covalent bonds between epoxy and NFC could be established. The epoxy-amine reaction proceeds via ring opening of the epoxide group in DGEBA and the peak at 915 cm À1 associated with the epoxide group is unique in the system. The reaction can thus be monitored as the disappearance of this peak over time normalized to the benzene peak at 1582 cm À1 . From Fig. 4a , the curing of neat PEA/DGEBA at 80°C is very slow. The degree of conversion after one hour is only ca. 20%. When curing takes place in the presence of NFC, there is a dramatic contrast; the peak at 915 cm À1 decreases significantly (Fig. 4b) and a final conversion of ca. 80% is reached. It is noteworthy that the T g of the present system was slightly lower than 80°C and vitrification effects on cure kinetics cannot be ignored [41] . In Fig. 5 , the degree of conversion is plotted versus time for different compositions and temperatures. The strong acceleration effect from the NFC is apparent. The reaction rate for the system with NFC at only 50°C is almost as high as for the neat EP system at 120°C. In contrast, the cure kinetics for the neat EP reference system at 50°C is very slow. It is apparent that the high volume fraction of well-dispersed NFC of high specific surface area (%300 m 2 /g) [19] is responsible for the observed acceleration of cure kinetics.
The dramatic increase in curing rate is proposed to be an acceleration effect induced by the NFC surfaces. The kinetics and the mechanism are however very different from the well-known autocatalysis phenomenon; where the ring opening of the epoxide creates hydroxyls, which serve as internal catalysts in the later stages of the reaction [42, 43] . In contrast to the present mechanism, these epoxy-related hydroxyls remain unreacted. Alcohols and similar hydroxyl-containing groups have been used previously as accelerators for epoxy curing [44] . Bowen et al. have compared the reduction in gel time of various epoxy resins in the presence of phenols and other alcohols [45] . Varma et al. showed that the gel time of the epoxy system was shortened in the presence of hardwood particles containing cellulose at different degrees of oxidation [37, 46] . The present accelerating effect with NFC is unique. It is much stronger than previously reported accelerators and the mechanism is different and associated with interactions between the epoxide ring and surface hydroxyls on the NFC nanofibers. The results from the present study imply that not only is the oxirane activated by hydrogen bonding at the NFC nanofiber-DGEBA interface, but also that neighboring hydroxyl groups are acting as nucleophiles in the ring opening reaction so that a covalent link is formed to the NFC nanofiber surface. One may speculate that an ordering of the epoxides at the NFC nanofiber surface would influence local DGEBA concentration, and align the oxirane groups for reactions with cellulose hydroxyls. The observed effect is due to the high specific surface area of NFC [19] and its form of a heterogeneous nanofiber system with a high density of surface hydroxyls.
As mentioned earlier, related reports show much weaker effects. The importance of the present study is first that the acceleration effect is very strong. Also, the need to lower the PEA/DGEBA ratio with increasing NFC content is a new observation. These observations are in support of direct epoxide reactions with NFC hydroxyls, and covalent NFC-EP links at the NFC/EP interface. The formation of covalent bonds between the NFC and the epoxy matrix will have direct consequences on the material's nanostructure and mechanical properties, as discussed below.
Mechanical properties
The stress-strain curves from tensile tests are presented in Fig. 6a . Elastic modulus, ultimate strength and strain to failure values are listed in Table 2 . The curve for neat EP shows yielding followed by necking, strain softening and a long plateau region of plastic deformation up to more than 30% strain. The ultimate tensile strength (UTS) was about 32 MPa.
From Fig. 6a , the strong reinforcement effect of NFC, is evident even at 15 vol% NFC loading; for modulus (from 2.1 to 5.9 GPa), yield strength (from 26 to 75 MPa) and UTS (from 32 to 109 MPa). Even though modulus and UTS show ca. 3-fold increase, the composite is still ductile and fractures at 15% strain indicating that the NFC is very homogeneously dispersed in the system.
The curves for NFC/EP composites show fairly linear behavior up to almost 2% strain. This pseudo-elastic region is followed by yielding and a 'knee' appears in the curve followed by a strainhardening region of plastic deformation. Strain-hardening is a characteristic of cellulose nanopaper [10, 47] resulting primarily from fibril straightening and associated mechanisms [48, 49] . There is a substantial reinforcement effect in the plastic region. The composites with higher NFC content show stronger strain-hardening ad increased UTS. Strain hardening is most likely due to straightening and alignment of curved nanofibers. Support for this suggestion is provided by experimental studies on NFC nanopaper, where loading-unloading experiments show increased modulus with strain in the plastic region [10] . With increasing NFC content, the NFC network contribution to the composite is increased and the strain-hardening slope increases. The phenomenology of the present stress-strain curves shows similarities with micromechanical modeling results for non-woven fiber networks [50] .
The strain-hardening observations imply that the NFC network architecture was retained in the plastic region. Possibly, the NFC/EP interface was fairly intact during plastic deformation. Predictions for yield strength and ultimate strength (based on rules of mixtures, Eq. (A4) in Appendix) are provided in Table 2 . The experimental data are always higher than predictions, so that the relative contribution from NFC is more important than expected from the model.
The modulus increases from 2.1 GPa for neat epoxy to 5.9 GPa at 15 vol% NFC and to 8.3 GPa at 30 vol% (see Table 2 ). We can express ''reinforcement efficiency'' by calculating an effective NFC modulus (E NFCeff ) for each NFC/EP composition using a model based on rod-like fibers randomly oriented in the plane (Eqs. (A6)-(A9) in Appendix). The E NFCeff was 62 GPa, 48 GPa and 33 GPa for the 15%, 30% and 50% NFC/EP composites respectively. It is possible that NFC agglomeration increases with NFC content so that the NFC/EP load transfer becomes less efficient. A different way of expressing this is the predicted moduli for V f > 0.15 in Table 2 based on E NFCeff = 62 GPa. The predictions are high and show the potential of NFC/EP provided a more favorable NFC distribution could be obtained. The DMTA data was analyzed in more detail (Fig. 6b) , and a significant reinforcement effect was observed, especially in the rubbery state.
Hygro-mechanical properties
One of the major drawbacks of cellulose biocomposites is the moisture adsorption, which negatively affects the mechanical properties. As an example, the reported composite moduli were reduced to the EP matrix value as esparto grass plant fiber/EP composites were immersed in water [4] , most likely due to fiber/matrix debonding. Fig. 7a shows the moisture content as a function of relative humidity for the different material compositions. The NFC film adsorbs much more moisture than the epoxy resin, as expected. The NFC/EP nanocomposites adsorb intermediate amounts of moisture. Interestingly, the moisture content for the 15% NFC/EP composite was extremely low. Hydration of hydroxyls at NFC nanofiber surfaces is one of the main moisture sorption mechanisms in NFC films, which is very limited in the 15% NFC/EP material probably because the surface hydroxyls of the NFC nanofibers interact strongly with the epoxy, both by secondary interactions and covalent bonds.
For 30% and 50% NFC/EP, the moisture contents are very similar and much higher than expected based on the moisture content in 15% NFC/EP. This indicates that the NFC network structure is more agglomerated than in the 15% NFC/EP. Proper dispersion of the NFC nanofibers in the EP matrix appears to be very important. A rule of mixtures prediction of moisture content in the composites based on NFC and EP moisture contents is presented in Table 3 . The predictions are generally higher than experimental data. Favorable interface interaction between NFC and the continuous epoxy matrix is likely to explain this observation, since this would reduce surface hydration of NFC.
Moisture effects on mechanical properties from the tensile tests are reported in Fig. 7b (Young's modulus) , Fig. 7c (stress-strain curves), and Table 2 for specimens conditioned at 50% and 90% RH. The most important observation is the behavior of the 15% NFC/EP, which is virtually unchanged from 50% to 90% RH. Although the moisture content is increased (Table 3) , it is still so low that the strong reinforcement effect of 15% NFC/EP (see Fig. 6a ) is preserved. For the 30% and 50% NFC/EP, the main effect of the 90% RH condition is a strong reduction in yield strength, see also Table 2 . The post-yield strain-hardening behavior shows similar behavior as at 50% RH, although at a lower stress level. The NFC nanofiber reinforcement mechanism operates well also at 90% RH. The reduced yield stress of the ''neat NFC'' film is very similar as in 30% NFC/EP and 50% NFC/EP, so moisture may reduce the fiberfiber interaction in local NFC aggregate regions. In Fig. 7b , the Young's modulus at 50% and 90% RH is presented. The decrease is more prominent for the 50% NFC/EP than for the 30% NFC/EP composite. The proportion of NFC nanofiber aggregates is likely to be higher in the 50% NFC/EP composition.
3.6. Nanocomposite structure Fig. 8 shows FE-SEM images of fracture surfaces and TEM images of stained ultra-thin sections from the specimens containing 15% and 30% NFC. SEM of the 15% NFC/EP composition shows individual fractured NFC nanofiber ends as white dots. The extremely short pull-out lengths indicate strong interfacial adhesion and strong molecular interactions. The NFC appears as individual entities well dispersed in the epoxy matrix. In contrast, fracture surfaces of the 30% NFC/EP show a layered structure i.e. sheet-like fiber aggregates are present in the network. In previous works, similar structures were observed on SEM fracture surfaces. Sheet-like NFC nanofiber aggregates may form by flocculation during filtration, as the local NFC concentration is increased [10, 16] . The higher magnification TEM images show more details of the agglomerate structure, where the agglomerate stretches across the image and is clearly composed of bundles of individual nanofibers (Fig. 8d) . Nanofibers dispersed in the surrounding matrix appear as dark filaments with diameters of the order of 5-10 nm (or dark spots, where they are oriented perpendicular to the plane of the image). These are particularly evident for 15 vol% NFC (Fig. 8b) , which shows a more homogeneous NFC dispersion. Note the edge length of Fig. 8d is about 500 nm, whereas plant fibers can have a diameter of ca. 30 lm.
Conclusions
Nanocellulose biocomposites have been designed with high cellulose content, high strength, high ductility and favorable moisture stability. During curing, an unprecedented increase in epoxy reaction rate was observed due to the accelerating effect of high specific surface area NFC nanofibers. Furthermore, the formation of covalent NFC-EP links was strongly supported, since higher NFC content made it necessary to reduce PEA amine/DGEBA epoxide ratio in order to reach maximum T g of the system. The most likely explanation is amine catalyzed epoxide reactions with hydroxyls at the NFC nanofiber surface.
The strongest relative reinforcement effect was observed for the 15 vol% NFC/EP nanocomposite. The degree of NFC dispersion in the EP matrix is high for this composition. This composition also showed virtually unaffected stress-strain behavior at 90% RH. The prepreg processing concept leads to favorable matrix distribution so that individual NFC nanofibers are embedded in EP matrix and the strong interfacial interactions results in limited surface hydration of NFC.
Furthermore, the present NFC/EP biocomposites with as much as 50 vol% NFC showed favorable ductility (strain to failure 8.4%) combined with a modulus of 9.8 GPa, tensile strength of 160 MPa and high thermal degradation stability until 250°C in nitrogen. As NFC is added, the yield and ultimate strengths of EP increases much more than predicted by a simple rule-of-mixtures approach. The attractive strain-hardening behavior of the NFC network controls the NFC/EP biocomposites behavior. The achievement stems from controlled nanoscale distribution of NFC and strong NFC/EP interface interactions without costly coupling agents. Current plant fiber biocomposites used industrially cannot compete with the combination of properties reported here. Chemically and morphologically heterogeneous plant fiber structures have much higher moisture uptake, as well as non-uniform fiber distribution with weak fiber/matrix interface interactions.
where V f is the volume fraction of the fibrils. r c , r f , r m is the yield/ ultimate strength of the composite, NFC network and neat EP respectively.
B.2. Moisture sorption
The moisture uptake of the composites was predicted by gravimetric rule of mixture, considering experimental value for the moisture uptake of neat EP and NFC network as their respective contributions in the composites.
where w f is the weight fraction of the fibrils. a c , a f , a m is the moisture uptake of the composite, NFC network and neat EP matrix respectively.
Appendix C. Micromechanics model
Composite moduli in the longitudinal and transverse directions of an imaginary unidirectional NFC/EP composite were calculated using the rule of mixture (Eq. (A6)) and the Halpin-Tsai model (Eqs. (A7) and (A8)) respectively. Halpin-Tsai [51] model predicts the transverse modulus for a unidirectional composite with cylindrical fibers.
An empirical combination (Eq. (A9)) of these two, referred to as the Tsai Pagano model [52] was then used to calculate the composite modulus of a composite assumed to have random-in-the-plane fiber orientation.
In the above series of equations, E m , E f,l and E f,t represent the matrix modulus, fibril modulus in longitudinal and transverse direction respectively; E C is composite modulus for random-in-the-plane fiber orientation, E L and E T represent the composite moduli for unidirectional composite in longitudinal and transverse direction respectively. V f is the volume fraction of NFC in the composite. E f,t was assumed to be 15 GPa [53] . To estimate the reinforcing efficiency, the NFC modulus in the longitudinal direction (E f,l ) was treated as a variable. The experimental values from tensile tests were substituted in the models, and the effective NFC modulus (E f,l , also referred as E NFCeff ) was estimated as a measure of reinforcement efficiency. The value of E NFCeff obtained for the 15% NFC/EP was then used to predict the modulus for the other composites using the above series of equations.
